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We reply to the objections raised by J. E. Sonier (arXiv:1706.03023) against our observa-
tion of slow magnetic fluctuations and critical slowing down of magnetic fluctuations in the
pseudogap phase of YBa2Cu3Oy by zero-field and longitudinal-field muon spin relaxation.
In a recent arXiv post [1] (the Comment),
J. E. Sonier has raised objections to our re-
port [2] (the Article) of muon spin relaxation
(µSR) experiments that reveal slow magnetic
fluctuations and critical slowing down in the
pseudogap phase of YBa2Cu3Oy (YBCO). The
Comment claims that “. . . the relaxation data
displayed in this study are misleading due to an
improper account of the nuclear dipole contribu-
tion and a failure to acknowledge the occurrence
of muon diffusion” in analyzing data from zero-
field µSR (ZF-µSR) experiments. In this Reply
we argue that these and other objections raised
in the Comment are unfounded.
Static local field distribution. We have fit
our ZF-µSR data using the static Gaussian
Kubo-Toyabe (GKT) function that describes
muon spin relaxation in a randomly-oriented
static Gaussian distribution of local magnetic
fields [3], damped by a factor exp(−λZFt) [Com-
ment, Eqs. (2) and (3)]. The fitting parameters
are the damping rate λZF, due at least in part
to a fluctuating component of the muon local
field, and the static relaxation rate ∆ZF, where
∆ZF/γµ is the rms width of the local field dis-
tribution components (γµ is the muon gyromag-
netic ratio). (Fits using the dynamic GKT func-
tion [3] to model the effect of muon diffusion at
high temperatures are discussed below.)
The Comment notes that the static GKT
function is not an adequate description of relax-
ation due to nuclear dipolar fields in real mate-
rials. This is certainly the case, but it does not
affect our study. The static GKT function is only
an approximation, but it and calculated “exact”
relaxation functions (See, e.g., Ref. [4]) all share
a Gaussian-like form for early times. Our results
do not involve the origin or the magnitude of the
2static muon local field distribution, and the val-
ues of ∆ZF obtained from our damped GKT fits
are simply empirical characterizations of this dis-
tribution. Furthermore, for La1.784Sr0.216CuO4
(LSCO) a static GKT fit is good out to ∼6 µs [4].
In YBCO the Gaussian relaxation is a factor
of two weaker than in LSCO [2], thus extend-
ing the early-time range correspondingly. These
considerations justify our use of the static GKT
form. We also note that the initial parabolic
decay (i.e., initial zero slope) of a Gaussian-like
relaxation function cannot explain the observed
initial nonzero slope due to the exponential com-
ponent of the relaxation relaxation.
Temperature dependence of ∆ZF. Concern-
ing our observation of peaks in λZF(T ) (Article,
Fig. 2), the Comment claims that the assump-
tion of a temperature-independent ∆ZF is not
valid, as it ignores charge order and a structural
change near 60 K. For y = 6.985 a dip in ∆ZF(T )
and a concomitant peak in λZF(T ) were observed
at ∼50 K by Sonier et al. [5], and were attributed
to the onset of charge ordering at this tempera-
ture.
We have fit our data from a YBa2Cu3O6.95
sample with ∆ZF both fixed and a free param-
eter, the latter taking into account any temper-
ature dependence. As shown in Fig. 1, both
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FIG. 1. Temperature dependence of zero-field expo-
nential damping rate λZF and static GKT rate ∆ZF
for YBa2Cu3O6.95. (a) and (b): Fits with ∆ZF fixed.
(c) and (d): Fits with ∆ZF a free parameter. T
∗ and
Tc are the pseudogap and superconducting transition
temperatures, respectively.
fits yield a peak in λZF(T ) at ∼80 K near the
pseudogap temperature T ∗, but with no dip or
other anomaly in ∆ZF(T ) at that temperature
with ∆ZF free [Fig. 1(d)]. (Possible features at
∼50 K are much smaller than those reported
in Ref. [5]). The absence of a dip is evidence
against the charge-ordering scenario for the peak
in λZF(T ).
In Fig. 2(b) of the Comment, λZF(T ) for
y = 6.985 from damped static GKT fits with
fixed ∆ZF is compared to a peak at ∼60 K in
the 63Cu nuclear quadrupole resonance (NQR)
linewidth for y = 7.0 [6]. This is of course rea-
sonable. But the NQR linewidth peak found for
fully-doped YBCO is not observed for slightly
lower oxygen content [7, 8]. This was noted in
Ref. [5] but not in the Comment. Our y = 6.95
sample is not fully doped, and its superconduct-
ing transition temperature (91 K) and that re-
ported in Ref. [8] are about the same. Thus
our ZF-µSR results are consistent with the NQR
experiments. Furthermore, Fig. 3 of the Com-
ment shows good agreement between our data
for y = 6.95 and a peak in λZF(T ) for y = 6.92
obtained with fixed ∆ZF (fits with ∆ZF free are
not shown) [9].
Goodness of fit. Figure 1 of the Comment
shows that assuming a temperature-independent
∆ZF for y = 6.985 leads to a late-time discrep-
ancy. Our corresponding fits for y = 6.95, shown
below in Fig. 2, are much better and do not ex-
hibit such a discrepancy.
This behavior, together with that of ∆ZF(T )
discussed above and the NQR results [6, 7], is
evidence that the effect of charge ordering on
muon relaxation in the region of the peak is ap-
preciable only in fully-doped YBCO, and is weak
or nonexistent (in the region of the peak) in our
less-doped y = 6.95 sample.
Muon diffusion. The Comment claims that
muon diffusion above 160 K invalidates the as-
sumption of temperature-independent ∆ZF for
data taken at higher temperatures. We have fit
our data from a sample with y = 6.72 using
the exponentially-damped dynamic GKT func-
tion [3], which takes muon diffusion into account,
for comparison with the static GKT function
3FIG. 2. Fits of representative ZF-µSR spectra from
YBa2Cu3O6.95 for ∆ZF fixed (0.1 µs
−1) and free. No
late-time discrepancy is observed between data and
the fits in either case.
fits reported in the Article. The corresponding
damping rates λdynZF (T ) and λ
stat
ZF (T ) are shown in
Fig. 3(a). Both rates exhibit a peak at ∼210 K,
which is therefore not an artifact of the static
GKT fitting function.
The damped dynamic GKT fits are diffi-
cult because there are three statistically corre-
lated rate parameters involved: ∆dynZF (T ) (the
rms spread of static nuclear dipolar fields be-
tween which the muon hops), λdynZF (T ), and the
muon hopping rate ν(T ) [Fig. 3(b)]. Conver-
gence above ∼200 K could be achieved only by
fixing ∆dynZF . The results for ν(T ) have con-
siderable uncertainty but are similar to those
reported in Ref. [5] for y = 6.67; in partic-
ular, ν(T ) becomes unmeasurably small below
∼180 K for both data sets. Thus neither the
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FIG. 3. (a) Comparison of damping rates λdynZF and
λstatZF from fits of exponentially-damped dynamic and
static GKT fit functions, respectively, (see text) to
ZF-µSR data from YBa2Cu3O6.72. Peaks are ob-
served for both rates at ∼210 K. (b) Muon hopping
rate ν(T ).
peak at 160 K in the longitudinal-field damp-
ing rate λLF(T ) for y = 6.77 in 4 mT [Article,
Fig. 2(b)] nor the decrease of λZF(T ) with in-
creasing temperature between 150 K and 180 K
for y = 6.72 [Fig. 3(a) above] can be attributed
to muon diffusion. In the Article the onset of
low-frequency fluctuations in domains of IUC
magnetic order was suggested as the origin of
the latter temperature dependence.
As mentioned in the Comment, impurity
trapping of diffusing muons can result in
a “peak” over an intermediate temperature
range [10]. This is seldom as narrow as our
observed peaks, however [10, 11]. Furthermore,
this scenario requires that the rate decrease with
increasing temperature below such a peak that
be due to significant motional narrowing [ν(T ) ∼
∆ZF] of the entire static local field distribution,
as the onset of muon diffusion [i.e., the increase
of ν(T )] allows muons to find traps. In our case
the observed decrease of λZF(T ) occurs for tem-
peratures where ν(T ) is negligible [Fig. 3], and
in addition ∆dynZF (T ) is constant in this temper-
ature range (data not shown). The decrease is
therefore unlikely to be due muon hopping, and
4the peak is unlikely to be due to muon trapping.
Field dependence. The Comment claims that
the field dependence of λLF (Article, Fig. 1) de-
viates from the Redfield functional form [Article,
Eq. (1)] so that the quantitative information is
invalid. The statistical uncertainty of the data
is large, but the rms local fields and correlation
times obtained from fits to the Redfield form
have reasonably small errors (Article, Table I).
The Article notes that even if this form is not
strictly obeyed, the fit parameters are heuristic
estimates of the characteristic magnitudes and
time scales of the fluctuating local fields, respec-
tively. Absolute parameter values are only used
in this sense as order-of-magnitude estimates.
Comparison between samples (Article, Table I)
shows smooth variation of the parameters with
oxygen content.
Statistical significance. The Comment claims
that the existence of the peaks (Article, Fig. 2)
is questionable. A standard statistical treatment
shows, however, that the peaks are significant
at the 4–5-sigma level or greater individually
and ∼8 sigma cumulatively [12]. This is usually
taken as satisfactory.
Extrinsic effect of field. The Comment spec-
ulates that the observed longitudinal field de-
pendence could be due to changes of the muon
beam focus by the field. We note that the effect
of increasing the field is to focus the beam, not
defocus it, so that this scenario requires beam
spots that were off center in the same way for
all the samples. (It is routine in µSR experi-
ments to tune the muon beam channel to center
the beam spot on the sample.) Furthermore, in
the LAMPF spectrometer at TRIUMF [Article,
Figs. 1(a) and (b)] muons that missed the sam-
ple were vetoed, whereas in the EMU spectrom-
eter at ISIS [Article, Fig. 1(c)] they stopped in a
silver cold finger; nonetheless, results from these
very different configurations are similar. Finally,
the silver sample used in control LF-µSR exper-
iments that showed no field dependence (Arti-
cle, Supplemental Material Fig. 4) was in fact
approximately the same size as our YBCO sam-
ples. We conclude that an extrinsic origin of the
field dependence is highly unlikely.
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